As an alternative way to overcome the weakness of the global navigation satellite system (GNSS) in hostile situation, a gravity gradient referenced navigation (GGRN) has been developed. This paper analyzed the performance of GGRN with respect to the initial errors, DB resolution as well as update rates. On the basis of simulations, it was found that the performance of GGRN is getting worse when initial errors exist but the navigation results are rapidly converged. Also, GGRN generates better results when DB resolution is higher and update rates are shorter than 20 seconds. However, it is difficult to deduce the optimal parameters for the navigation because some trajectories show better performance in case low-resolution DB is applied or long update rate is supposed. Therefore, further analysis to derive specific update conditions to improve the performance has been performed. Those update conditions would not be generalized for all cases although maximum improvement rate is over 200% in certain case. In the future, some more developments and tests on the combination of various geophysical data and/or algorithms are necessary to construct more stable and reliable navigation system. This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http:// creativecommons.org/licenses/by-nc/3.0) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.
Introduction
Recently, Global Navigation Satellite System (GNSS) is occasionally vulnerable to harsh environments, including signal jamming and solar storm, because the strength of the signal from the satellite is weak. For example, more than 1,400 GNSS receivers mounted on airplanes or ships were not working properly due to the jamming signal transmitted known to be several tens of meters (Hollowell, 1990; Honeywell, 2005; Laur and Llanso, 1995) . In recent years, the applicability of gravity gradient for navigation is rising due to the development of precise and small size gravity gradiometer. From mid 2000's, many papers deal with gravity gradient referenced navigation (GGRN) have been published (DeGregoris, 2010; Liu et al., 2010; Richeson, 2008; Rogers, 2009 ). Because gravity gradiometer obtains five independent gravity gradients, GGRN is theoretically more beneficial and stable than other forms of DBRN (such as TRN) which uses only one measurement. Lee et al. (2014) modeled the gravity gradient and constructed GGRN algorithm based on an extended Kalman filter (EKF) for the first time in
Korea. Then, simulation tests were conducted to evaluate the performance of the constructed GGRN with respect to DB/ sensor errors, and altitude. The initial errors (i.e., position, velocity and attitude), DB resolution, and update rates are also affecting factors on the navigation performance.
Especially, both DB resolution and update rates are related to the storage capacity and computation efficiency. In this study, therefore, the performance analysis in terms of initial errors, DB resolution, and update rates have been performed as a follow-up paper to Lee et al. (2014) . In addition, a couple of update conditions were proposed and tested to improve the performance of the GGRN.
Methodologies
The were supposed to check the influence of the initial errors on the navigation results. To ascertain the effects of these errors, the navigation results were compared with those obtained from no initial error conditions. Secondly, two different gravity gradient DBs (i.e., 9 arcsec and 60 arcsec resolution)
were applied to determine the effect of DB resolution on the navigation performance. And, the simulation results were compared with those obtained from a traditional TRN.
Lastly, the effects of update rates of 10 seconds, 20 seconds, and 50 seconds were analyzed. Here, the error of each sensor denotes the 1 precision of the measurement. Then, the aircraft flies in a straight line with a speed of 350 km/h at an altitude of 3 km. As shown in middle of Fig. 1 , a total of 14 trajectories (i.e., nine from south to north, four from west to east, and one from southwest to northeast) were generated. Please refer detailed sensor specification and algorithms in Lee et al. (2014) .
The performance of the GGRN is evaluated on the basis of two-dimensional position errors with respect to the simulated true trajectories. The standard deviation of the horizontal error for whole trajectories is calculated using Eq.(1).
where, 
horizontal error, and n is the total number of epochs. 
Simulation Results
Before the analysis of simulation tests, it would be better to briefly explain the results obtained by the previous study.
When aircraft flies with a precise gravity gradient DB and a gravity gradiometer (0.1 Eö and 0.01 Eö) at 3 km, the mean and the maximum horizontal error about 8 m and 15 m were obtained (Lee et al., 2014) . yaw error were applied to the tests. Table 1 shows effects of the initial errors on navigation performance for entire trajectories and the its ratio with respect to that of no error condition. In the previous study, position precision was about 8 m without the initial errors.
However, the performance with the initial errors worsens for all trajectories. Also, maximum error increased up to about 22 m. In DBRN, a high-resolution DB is generally used to reflect the local variations in data for the navigation solution.
However, a high-resolution DB is not always necessary, if the similar level of navigation performances can be obtained with the low-resolution DB. In this situation, using the lowresolution DB would be a better option in terms of the system storage capacity and computation efficiency. To determine the effect of the DB resolution on navigation results, two different gravity gradient DBs of 9 arcsec and 60 arcsec resolution were tested. Table 2 In this situation, the filter would be diverged because the possibility of non-linearity between measurements and states gets higher. To check the effect of the update rates in more detail, the navigation results have been compared in trajectory 7. The reason to select trajectory 7 is that this trajectory shows better performance for all test cases despite longer update rate than the result obtained by every epoch update. Fig. 3 illustrates the navigation results and the gravity gradient variation in trajectory 7. As mentioned before, horizontal error increases at the flat area due to the difficulty of finding appropriate correction direction and its magnitude.
In trajectory 7, not much variation in gravity gradients appears for the first few hundred seconds. This causes very large position errors if the position is updated every second.
However, it was found that navigation results except the case of 50 seconds update rate show similar performance after filter convergence. On the other hand, after 500 seconds flight time, the horizontal error is still larger than 30 m in case of 50 seconds update rate. This analysis clearly
illustrates that the update rate should be carefully decided with a consideration of changing the update rate adaptively reflecting the characteristics of the flight area. Fig.3 . Navigation performance in terms of update rates in trajectory 7 (up) and variation of gravity gradient (down) 
Simulation Ⅱ: Analysis of update condition
As shown in the previous section, various factors make an effect on the navigation performance. Therefore, it is impossible to deduce an unique value for each factor which generates the optimal result. For example, the trajectory 9
shows the best navigation with the 50 seconds update rate.
However, the worst performance is shown in trajectory 10
with the same condition. The key of EKF to assure precise navigation is the linearity between measurements and states. If the linearity is preserved, the GGRN correctly compensates the INS errors. Otherwise, a wrong correction is applied to the solution. Unfortunately, it would not be easy to figure out whether the linearity is preserved or not because we do not know the true position at the update time.
Therefore, one has to try to reduce the possibility of wrong correction using some conditions.
In this study, two specific update conditions were To evaluate the above two update conditions, simulation tests were conducted in the same trajectories. DB and sensor errors were applied to 0.1 Eö and 0.01 Eö respectively, and gravity gradient DB of 30 arcsec resolution was used. Table   4 indicates the performance and its ratio with respect to the results obtained without update condition. As a result, 4 and 5 trajectories show improved navigation results respectively, when update conditions were applied.
In the case of the update condition 1, the trajectory 4
shows the most improved result with the ratio of 119%.
During the entire flight, the trajectory 4 updates the position and the attitude only 1,071 times, which is only 31% of the total update time. When update condition 2 was applied, the most improved case was found in the trajectory 7. Among a total of 3,430 update times, it compensates the INS error 1,385 times with full tensor gravity gradients. Except 1,385 times, 5, 4, 3, and 2 components were used 698, 384, 324, and 274 times, respectively. Because the number of selected DB was one, aircraft flew without the update for 365 times.
It should be noted that it is difficult to generalize those update conditions to be applicable in all the cases although some trajectories showed significant improvement. However, it is expected that such update conditions would be useful at the stage of flight planning to construct more effective and accurate navigation strategy. 
Conclusion
In order to investigate impact of the GGRN filtering conditions (e.g., initial errors, DB resolution, and update rates) into their positioning accuracy, a series of simulation analysis has been carried out in this study. It was found that the better performance was achieved when no initial errors were supposed. However, the effect of initial error appeared mostly at the starting zone only, and performance was significantly improved once the filter was converged.
Although better navigation results are generally expected when the DB resolution is higher, the navigation using the low-resolution DB shows better performance when the data abruptly changes. This is because the linearity between the observations and the states is broken.
The best navigation results were obtained when 10 seconds update rate was applied. It seems that the 10 seconds update assures to use the gravity gradient information in difference grid so that it reduces the risk of wrong compensation.
Therefore, it is crucial to find an appropriate update rate to achieve better performance in the GGRN navigation.
To improve the navigation performance, two update conditions were developed and tested. Among 14 trajectories, about 30% of trajectories generated better results with respect to the case without the update conditions. Although it is difficult to generalize the condition to be suitable for all cases, it is meaningful due to the fact that the maximum performance improvement rate could be about 200%.
Therefore, those conditions would be applied in the stage of planning to design effective navigation system. In future, the combination of various geophysical data and/or algorithms is required to support more stable and precise navigation. 
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